Primordial $^4\text{He}$ constraints on inelastic macro dark matter
  revisited by Jacobs, David M. et al.
Primordial 4He constraints on inelastic macro dark matter revisited
David M. Jacobs,∗ Gwyneth Allwright, Mpho Mafune, Samyukta Manikumar, and Amanda Weltman
Astrophysics, Cosmology and Gravity Centre,
Department of Mathematics and Applied Mathematics,
University of Cape Town
Rondebosch 7701, Cape Town, South Africa
At present, the best model for the evolution of the cosmos requires that dark matter make up
approximately 25% of the energy content of the Universe. Most approaches to explain the micro-
scopic nature of dark matter, to date, have assumed its composition to be of intrinsically weakly
interacting particles; however, this need not be the case to have consistency with all extant ob-
servations. Given decades of inconclusive evidence to support any dark matter candidate, there is
strong motivation to consider alternatives to the standard particle scenario. One such example is
macro dark matter, a class of candidates (macros) that could interact strongly with the particles of
the Standard Model, have large masses and physical sizes, and yet behave as dark matter. Macros
that scatter completely inelastically could have altered the primordial production of the elements,
and macro charge-dependent constraints have been obtained previously. Here we reconsider the
phenomenology of inelastically interacting macros on the abundance of primordially produced 4He
and revise previous constraints by also taking into account improved measurements of the primor-
dial 4He abundance. The constraints derived here are limited in applicability to only leptophobic
macros that have a surface potential V (RX) & 0.5 MeV. However, an important conclusion from
our analysis is that even neutral macros would likely affect the abundance of the light elements.
Therefore, constraints on that scenario are possible and are currently an open question.
I. INTRODUCTION
We are presently in a dark age of modern cosmology,
not because of a lack of agreement between the ΛCDM
model of the Universe and measurements of the cosmos,
but because of the lack of understanding of the basic con-
stituents in the model. The unknown “dark” components
of the model, namely, dark energy and dark matter, ap-
parently account for upwards of 95% of the energy con-
tent of the Universe. Despite difficulties in attributing
its value to quantum field-theoretic contributions, dark
energy has so far been successfully described in terms of
a cosmological constant that pervades all of spacetime.
Dark matter, on the other hand, would appear to be
composed of some type of material substance whose the-
oretical description is essentially unknown.
Meanwhile, the Standard Model of particle physics has
been extremely successful at describing nearly all (non-
gravitational) fundamental processes observed in nature
so far. Although dark matter cannot be made of in-
dividual particles in the Standard Model–their interac-
tion strengths are simply too strong (see, e.g., [1, 2])–
composite objects with a Standard Model origin can
evade extant bounds. Such models have been proposed
before, most notably by Witten [3] and in several subse-
quent works (e.g., [4–11]), wherein the dark matter can-
didates would have nuclear density and may be (nearly)
a result of entirely Standard Model physics. Other simi-
larly massive candidates include primordial black holes
∗ Corresponding author: dmj15@case.edu
[12], and other more exotic candidates which may be
found in the literature (e.g., [13–17]).
Whether or not they have a Standard Model origin,
macros [18] remain a viable dark matter candidate and
an alternative to the comparatively light candidates,
such as weakly interacting massive particles or axions
(see, e.g., [19] for a brief review of those candidates).
Macros represent the general class of macroscopically
large dark matter candidates whose interaction strengths
are given by their geometric cross sections. Roughly
speaking, their viability depends on the following crite-
ria: they are massive enough that their expected signal
rate is below the relevant experimental sampling rate,
e.g., months, decades, millennia, etc.; their reduced cross
section, σX/MX, is small enough to evade astrophysical
and cosmological bounds; they are not so massive to have
already been detected through gravitational lensing. At
present, this has still left a rather large window of possi-
bilities between about 50 g to 1017 g, and another small
window between 1020 g and roughly 4× 1024 g [18, 20].
Macros are modeled to interact completely elastically
or inelastically, and the phenomenology of each case can
differ greatly. In the latter case, baryons would be ab-
sorbed by macros, thereby affecting the primordial pro-
duction of the light elements, for example. This was first
considered in [18], wherein the effects on the 4He pro-
duction was calculated and compared to abundance mea-
surements to obtain a constraint on σX/MX. It was de-
termined in that analysis that for nuclear-inspired mod-
els, if the macro radius, RX & 10−10cm then the surface
potential, V (RX) ' 0; this is because the surrounding
plasma effectively neutralizes the macro charge. Addi-
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2tionally, it may perhaps be more natural for an under-
lying theory to predict neutral macroscopic dark matter.
However, it was concluded that they would have little im-
pact on the production of the light elements because pro-
tons and neutrons would be absorbed at approximately
equal rates; the analysis in [18] therefore only focused on
macros that would be leptophobic, or at least did not ad-
mit electrons or positrons that would effectively neutral-
ize the macros. We know of no such models at present;
however, this is possible in principle.
In this work we continue to focus on macros with ra-
dius, RX  10−10cm that are leptophobic, and make
three improvements to the earlier analysis: we account
for possible 4He absorption after its initial production;
updated 4He abundance determinations given in [21] are
used to infer an improved constraint on σX/MX in the
context of inelastically interacting macro dark matter;
we discuss the limitations of our results due to additional
physical effects that were not previously considered, pri-
marily Debye screening of the primordial plasma. The
major insight gained from this analysis, however, is that
a more complete analysis of big bang nucleosynthesis
(BBN) may well provide a constraint for the most im-
portant and interesting case of neutral, i.e. V (RX) = 0,
macro dark matter.
II. THEORY
A. Limitations
First, macros could have interfered with the weak in-
teraction processes that determined the temperature at
onset of BBN, and hence the neutron-to-proton ratio. To
avoid this complication, for example, the rate at which
neutrons were absorbed by macros must have been much
smaller than the rate for the process n + νe → p + e−,
i.e. ΓnX  Γnν . The expression for ΓnX is given below
in equation (16), while Γnν can be found in a standard
text that includes primordial nucleosynthesis (e.g., [22]).
The inequality is approximately
5× 104 × T 7/29
(
σX
MX
g
cm2
)
 3× 10−6 T 59 , (1)
or (
σX
MX
g
cm2
)
 6× 10−11 T 3/29 , (2)
and comparison with the rates of other weak processes
leads to similar results. In the standard scenario weak
freeze-out would have occurred at approximately TF '
10, so we will need to obtain a constraint of σX/MX 
10−9 cm2/g to justify our assumption that freeze-out is
standard.
Second, there are two important length scales that
were neglected in the earlier analysis associated with the
finite plasma density, and this has significant implications
for the electromagnetic enhancement of the cross section.
The free-streaming length of the nuclides, λfree, is not
infinite; it is shortened due to collisions with ambient
particles, the dominant of which are photons. Because
each collision is a random walk in momentum space, it
takes Nc ∼ (q/T )2 collisions for a proton of momentum,
q, with photons of momentum, T , to be displaced in mo-
mentum space by O(q). From thermodynamic consider-
ations, Nc ∼ mp/T .
The collision time for a proton with an individual
photon is approximately α−2T−1, which follows from a
cross section of approximately α2/T 2 and a photon num-
ber density of roughly T 3. The free-streaming length
is the product of the collision time, thermal velocity
(
√
T/mp), and number of collisions per significant mo-
mentum change; therefore,
λfree ∼ 1
α2T
(mp
T
)1/2
. (3)
The Debye length, λD, is the (exponential) decay
length of the electric potential due to the screening ef-
fect of the plasma,
λD =
(
4piαn¯
T
)−1/2
, (4)
where n¯ =
∑
i ni is the sum of the number densities of the
charged species. For T & me the plasma charge density
is dominated by electrons and positrons, while afterward
it is dominated by protons and electrons; therefore,
n¯ ∼
{
0.4T 3 (T & me)
2× 10−10 T 3 (T . me) , (5)
which means
λD ∼ T−1
{
5 (T & me)
2× 105 (T . me) . (6)
or
λD ∼ T−19
{
10−9cm (T & me)
4× 10−5cm (T . me) . (7)
One may check that λD  λfree during BBN; we, there-
fore, only concern ourselves with λD. If we restrict our
attention to RX & 10−5cm, then the potential is always
Debye screened. The constraints obtained then also ap-
ply for the case RX . 10−5cm, as they would be conser-
vative.
B. Primordial 4He simplified
The relative abundance of protons and neutrons in the
early Universe, we have explicitly assumed, is governed
by the weak interaction until the ambient temperature
3drops below the freeze-out temperature, TF ' 1 MeV,
when the relative neutron-to-proton abundance is deter-
mined by the ratio of their masses and the temperature
TF . Protons and neutrons can interact and form deu-
terium; however, it cannot be produced in significant
amounts until after the number of ambient photons with
energies greater than the deuterium binding energy drops
low enough. After this so-called deuterium bottleneck,
deuterium and heavier elements can start being produced
in significant quantities once the bottleneck breaks at a
temperature, TB .
The production of 4He is very efficient after this point,
and it is a reasonable approximation to count all remain-
ing neutrons at TB as having ended up in
4He (see, e.g.,
[22]). Hence, the primordial 4He mass fraction, X4, is
approximately
X4 ' 2nn
nn + np
, (8)
where np and nn are the proton and neutron abundances,
respectively.
However, in the presence of macros, some protons and
neutrons may not participate in the primordial element
production if, for example, they are absorbed or they
are catalyzed to decay (see, e.g., [23]). If macros are
charged, then they would have absorbed protons at a
different rate than neutrons, and thus the value of X4
at the temperature TB would differ from the canonical
value.
Additionally, an important point that we wish to clar-
ify here is that 4He and protons would be absorbed after
the breaking of the deuterium bottleneck, at tempera-
tures lower than TB . During this later stage, one may
write
X4 =
4n4
4n4 + np,f
, (9)
where n4 is the
4He number density and np,f is the num-
ber density of free protons, i.e. those not contained in
4He. We, therefore, perform an analysis that is consis-
tent for all relevant temperatures by defining
X4 =
2
1 + α
, (10)
where
α ≡
{Np
Nn (TB ≤ T ≤ TF )
1 + 12
Np,f
N4 (T ≤ TB) ,
(11)
where the Ni ≡ a(t)3ni are comoving number densities.
What follows below is a straightforward generalization
of the analysis presented in [18]. Accounting for neutron
decay and absorption by macros, and ignoring all com-
posite elements besides 4He, the evolution of the relevant
species is determined by the following equations before
the deuterium bottleneck break,
N˙n = − (Γn + ΓnX)Nn (12)
N˙p = +ΓnNn − ΓpXNp , (13)
and after the bottleneck break,
N˙4 = −Γ4XN4 (14)
N˙p,f = −ΓpXNp,f . (15)
Here, we take Γn ' (880.3 s)−1 as the neutron decay rate
[24], and the absorption rates of all species can be writ-
ten in terms of the neutron absorption rate, as described
below. Since a neutron is neutral, its macro absorption
rate is simply given by
ΓnX = 〈 ρX
MX
σXv〉
= 5.1× 104 × T 7/29
σX
MX
g
cm2 s
, (16)
where we have used the thermally averaged neu-
tron velocity vn =
√
8T/(pimn) and inserted ρX =
3H20/(8piG)Ωc (T/T0)
3
= 0.93×10−3Ωch2T 39 g/cm3 with
the Planck value of Ωch
2 = 0.1188 [25].
Charged particles require a bit more care; consider an
i-type particle with mass, velocity, and charge, mi, vi,
and qi, respectively, where qi is given in units of pro-
ton charge, +e. Because we limit ourselves to the case
RX & λD wherein the Coulomb effects are screened, the
effective cross section can be considered,
σX,eff = σX Θ(Ei − qiV (RX)) , (17)
where Θ(x) is the Heaviside theta function. This must
be thermally averaged along with the velocity, resulting
in
〈σX,effvi〉 = σX〈vi〉 (18)
for qiV (RX) < 0, and
〈σX,effvi〉 = σX〈vi〉 × e−
qiV (RX)
T
(
1 +
qiV (RX)
T
)
(19)
for qiV (RX) > 0. It then follows that the absorption rate
for this type of particle may be written in terms of the
neutron absorption rate as
ΓiX =
√
mn
mi
ΓnX , (20)
for qiV (RX) < 0, while we find
1
ΓiX =
√
mn
mi
ΓnXe
−qiV (RX)/T
(
1 +
qiV (RX)
T
)
(21)
1 We have also checked the effect of quantum tunneling. The expo-
nent of the quantum process is approximately λD
√
2mqiV (RX),
which is much greater than for the thermal process, namely
qiV (RX)/T ; therefore tunneling is negligible compared to the
classical (thermal) barrier hopping.
4for qiV (RX) > 0. Not only is the absorption rate charge
dependent, but because the thermal velocities are in-
versely proportional to
√
mi, the absorption rates of dif-
ferent elements differ by factors ofO(1), even if the macro
surface potential is zero. As we discuss below, this is an
important correction to the original analysis in [18] in
that even macros with a neutral core could affect the
abundance of 4He.
Given the discussion above, α(t) obeys two different
evolution equations, depending on the era:
α˙(t) =
{
Γn + (Γn + ΓX)α(t), (TF ≥ T ≥ TB)
(α(t)− 1) (Γ4X − ΓpX) , (TB ≥ T ) .
(22)
In the first line, we assume the initial condition for α
at TF to be set entirely by standard weak-interaction
physics; this evolution ends at TB and sets the initial
condition for the evolution specified in the second line.
Assuming macros to have a perturbatively small effect
on X4, we find the deviations to the standard value
∆Xmacro4 ≡ X4 −Xstd4
' − 2
(1 + αstd)
2
[
αstd(a+ c)− (b+ c)] , (23)
where we will use the standard value αstd ' 7 and
a =
∫ tB
tF
dt (ΓnX − ΓpX) (24)
b = e
∫ tB
tF
dtΓn
×
∫ tB
tF
dt˜ Γn e
− ∫ t˜
tF
dt Γn
∫ t˜
tF
dt (ΓnX − ΓpX) (25)
c =
∫ ∞
tB
dt (Γ4X − ΓpX) . (26)
To perform these integrals, we change the integration
variable to temperature using the time-temperature re-
lation
t =
θ
T 29
s , (27)
where T9 is the temperature defined in units of 10
9K
and θ depends on the number of relativistic degrees of
freedom. Following [26], we find
θ =
{
99.4, T9 > 5
178, T9 < 1 ,
(28)
assuming the standard value of Neff = 3.046. In what
follows, we use the values T9,F = 9.1 and T9,B = 1 as in
[26] and numerically determine a, b, and c for different
values of the macro surface potential, V (RX)
2. Integrat-
ing through this range requires an interpolation of θ(T9)
2 We have checked that variations of TB by 10% do not affect the
values of our asymptotic constraints by more than 5%.
in the region 1 ≤ T9 ≤ 5; to do this we follow [18] by
choosing a hyperbolic tangent centered around T9 = 2,
θ(T9) ' θmax− 1
2
(θmax − θmin) (tanh [T9 − 2] + 1) , (29)
where θmax = 178, θmin = 99.4. Equation (29) is suffi-
cient to match all of the values quoted in Table 15.5 of
Reference [27] to an error of less than 10%. Since the
integrals are performed over a range of temperatures for
which the interpolation is much more accurate than 10%,
we expect the error from this interpolation to result in
errors that are well below 10% on the constraints derived
here.3
Last, we note that there are other physical effects that
could alter the measured value of X4, such as the exis-
tence of extra neutrino species or errors in the measure-
ment of the baryon fraction, Ωb. Although these would
be degenerate with the macro effects that we consider, we
find that they are negligible given the macro constraints
that we obtain here.
III. RESULTS
The primary sources of data for inferring primordial
abundances of 4He are low metallicity, extragalactic H
II regions–large low density clouds containing significant
amounts of ionized hydrogen and helium. Information
about the hydrogen and helium abundance is gathered
from studying their emission spectra [21].
However, the presently observed 4He abundance dif-
fers from the abundance in the early Universe because
of stellar processing. To account for this, it is important
to quantify the dependence of X4 on the metallicity (the
O/H abundance ratio) of the region in which it is ob-
served. The primordial 4He abundance is then inferred
by extrapolating the measurements to zero metallicity
[28]. Recently, using data presented in [29], Aver et al.
[21] have made improved 4He abundance measurements
of individual galaxies by including the He I λ10830 emis-
sion line in their analyses. As a result, they have deter-
mined the primordial 4He abundance to be
Xobs4 = 0.2449± 0.0040 , (30)
reducing the error by greater than 50% compared to pre-
vious determinations. At the same time, the Standard
Model theoretical prediction [30] is
Xtheory4 = 0.2470± 0.0002 . (31)
Given this small theoretical uncertainty, one can con-
clude that any deviations from the canonical prediction
3 In [27] there were only two neutrino species used to calculate
Table 15.5 therein; to compare, θmax and θmin must be corrected
to account for this smaller number of relativistic fermions.
5caused by macros is constrained to be
−0.006 ≤ ∆Xmacro4 ≤ 0.002 . (32)
This observational bound, along with numerical solutions
to (23), have enabled us to put a constraint on the ra-
tio σX/MX as a function of V (RX), illustrated in Fig.
1. In the figure, we indicate the regime where our con-
straints become less robust with a dashed line indicating
where σX/MX = 10
−9 cm2/g; for the weaker constraints
found above that line it is possible that the weak inter-
action freeze-out could have been significantly affected,
e.g., the n/p ratio altered, and hence this analysis is not
reliable because our assumptions are no longer valid. For
V (RX) . 0, we would find the constraint is approxi-
mately
σX
MX
. 1.8× 10−9 cm2/g . (33)
Unfortunately, this bound is not strong enough to be
consistent with our starting assumptions, as mentioned
above. For V (RX) & 1 MeV we find the constraint to
approach
σX
MX
. 1.4× 10−10 cm2/g , (34)
an improvement of approximately a factor of 2 over pre-
vious results obtained in [18]. These results are qual-
itatively similar to that work; however, upon close in-
spection of Fig. 1, one can see that in the vicinity of
V (RX) ' 0.06 MeV the bounds become weak and essen-
tially vanish.4 The reason for this is as follows. For
V (RX) = 0, the initial production of
4He is approx-
imately unaffected by macros because neutrons would
have been absorbed at nearly the same rate as protons.
However, after its initial production, 4He would have
been absorbed at only half the rate of protons, so abun-
dance measurements at the present time would be bigger
in the presence of macros than in the standard predic-
tion. On the other hand, for a particular positive value
of V (RX) at which the initial value of X4 is smaller than
the standard prediction5, X4 would then increase back
to the standard value during its later evolution because
of the effect mentioned above. In this case, our macro
bounds would therefore vanish.
Another salient feature of Fig. 1 is that there would
have been a finite constraint on σX/MX for V (RX) = 0
given by (33) if the constraint could be trusted. While we
cannot fully trust the constraint there, it is nevertheless
encouraging because a more sophisticated analysis may
well provide a tighter bound on this most interesting case;
4 Changes to the value of TB by ±10% would only affect this crit-
ical value by approximately 0.001 MeV.
5 This would happen because of an excess of neutrons absorbed.
0.5 0.0 0.5 1.0 1.5 2.0
V [MeV]
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]
FIG. 1. New constraints on σX/MX based on primordial
4He. The horizontal dashed line indicates the value of
σX/MX = 10
−9 cm2/g above which the weak interaction
freeze-out would have likely been altered from the standard
scenario. Therefore, at present, we do not trust the constraint
above this line.
a constraint that is even an order of magnitude lower
would be sufficient to be reliable. However, this is beyond
the scope of this work.
IV. DISCUSSION
Here we have revisited the possibility of using the the-
ory of BBN and the measured primordial abundance of
4He to constrain the properties of inelastically interacting
macro dark matter. Our results are constraints on the
reduced cross section, σX/MX as a function of the macro
surface potential, V (RX). Improvements over previous
results were possible for three reasons: an improved study
of the absorption rates of different nuclides, reduced un-
certainties on the observed primordial 4He abundance,
and a more thorough analysis of the physical effects rel-
evant during BBN, especially Debye screening. Our con-
straint of σX/MX . 1.4× 10−10 cm2/g applies for lepto-
phobic models wherein V (RX) & 0.5 MeV.
In addition to these improved asymptotic bounds on
σX/MX compared to [18], we have found that, because
elements of different masses are absorbed at significantly
different rates, nontrivial constraints can likely be ob-
tained for V (RX) = 0; this more interesting (and prob-
ably more likely) possibility does not require macros to
be leptophobic. In order to provide a robust constraint
for V (RX) ' 0, an improved constraint on σX/MX must
be obtained. It appears that a consideration of the ef-
fect on deuterium, and possibly several of the other light
elements, should be taken into account. Although a full
BBN analysis is beyond the scope of the work presented
6here, our results are significant because they suggest that
nontrivial constraints might be obtainable for all inelas-
tically interacting macros, regardless of their surface po-
tential. This is the subject of a work in progress [31].
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